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Chapter 1: Non-thermal Plasmas and Plasma Processing 
Byproducts of Oil Processing 
Fossil fuels are a major resource in our global economy. Crude oil, a fossil fuel, is mined 
to refine into petroleum products for energy usage.(1) Once the crude oil is refined into usable 
petroleum products, residual heavy fuel oil and ultra-low sulfur distillate are accumulated as extra 
by-products that are not traditionally usable or valuable (Figure 1.1). These organic byproducts are 
typically long-chain hydrocarbons, some containing sulfur, which are generally hard to recycle for 
use, and are typically stored in waste reservoirs where they remain unused.(2) In order to recycle 
these waste by-products, the hydrocarbons must be functionalized, optimally through controlled 
oxidation. In cases of hydrocarbons that contain sulfur, the sulfur must be effectively removed 
from the hydrocarbon. Once functionalized, the hydrocarbons can be recycled to be repurposed in 
other chemical manufacturing.  
Current methods for recycling long-chain hydrocarbons requires the chains to be initially 
oxidized.(3) However, there are very limited ways that can selectively functionalize the strongly 
held carbon-hydrogen and carbon-carbon bonds of these molecules. Typical methods for this 
functionalization process require either extreme heat, or metal catalysis, which are both energy 
and cost inefficient.(4, 5) These methods require extreme temperature and pressure conditions, 
limiting their selectivity and increasing the chances of additional side-reactions occurring. 
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Especially in using high temperature thermal 
cracking, although it can create valuable 
products, the high energy costs and limited 
selectivity make it difficult to employ as an 
effective method.(6) Enzymes and inorganic 
catalysts can be used to selectively 
functionalize alkanes, but due to their limited 
availability, high cost, and slow reaction 
processes, they are not a practical method of 
functionalization.(7, 8) Non-thermal plasma 
offers a more environmentally friendly, 
highly selective and efficient method for the 
functionalization process.(9) 
What are Non-Thermal Plasmas? 
Non-thermal plasma has been used commercially in air pollution control, polymerization 
processes, ozone generation, and microelectronics processing.(9) Plasma processes in the 
petroleum and energy fields has been investigated before in hydrogen generation, gas reforming 
and partial oxidation.(10-12) Plasma chemistry dates back to the Netherlands at the end of the 18th 
century, in studying chemical reactions induced by electrical discharges.(13) By, the end of the 
19th century commercial ozonizers were developed which initiated a growing interest in 
applications to chemical synthesis.(14) Towards the early to middle 20th century, electrical 
discharge chemical synthesis was studied tremendously, such as ammonia synthesis, acetylene 
 
Figure 1.1. A diagram of the products from 
crude oil refining1  
 
 7 
 
production, nitrogen oxide synthesis, and for the production of many other organics.(9) One of the 
most infamous studies using electrical discharge was the Miller-Urey experiment, which simulated 
early earth conditions using electric discharge.(15) This study in particular led to a heightened 
interest in the scientific community in studying electrical discharge-induced chemical synthesis. 
More recent studies have focused on methane conversion and hydrogen formation, as a means to 
process natural gas and understand the hydrogen fuel cycle.(16) 
 Being able to partially 
oxidize hydrocarbons has 
remained a constant challenge 
in fuel chemistry, and plasma 
studies have proven an 
effective, yet limited 
alternative  to previous 
methods used. Plasma studies 
have demonstrated the 
formation of alcohols and 
other oxygenated species from 
a wide range of hydrocarbon 
products.(17) The plasma is 
generated when a sufficient amount of energy is used to ionize a low-pressure carrier gas, 
generating cations, anions and free electrons. Based on the thermal contact between its species, 
plasmas can be classified in two major groups: thermal or equilibrium plasmas, and non-thermal 
 
Figure 1.2. Electron and particle energy trend diagram based 
on changes in temperature and pressure. The yellow line 
represents the plasma system described in this work. 
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or non-equilibrium plasmas. This classification, as shown in Figure 1.2, is based on the density of 
ions and electrons, as well as their energy capacity.  
Thermal plasmas operate at extremely high energies and atmospheric to high pressures, 
typically at temperatures greater than 10,000 K, as indicated in Figure 1.2.(18) The typical high 
pressures in equilibrium plasmas result in thermal contact between particles and electrons, leading 
to plasmas where the kinetic energy of the free electron energy is at the same order of magnitude 
as that of the ions, free radicals, and molecules.(19) On the other hand, in non-thermal plasmas 
(cold plasma) the free electrons have higher kinetic energies than the molecules and ions in the 
sample.(19) Non-thermal plasmas are generated using an electrical field to ionize the carrier gas 
(1- 10 eV) at room-temperature and low pressures,  which minimizes collision frequencies between 
plasma species.(20)  
Plasma is the most entropic state of matter, able to be formed at high temperatures and 
lower chemical potentials (Figure 1.3). As molecules change phases, their overall entropy 
increases. Using the third law of thermodynamis, the changes in chemical potential, or molar Gibbs 
free energy, with respect of temperature can be described as changes in entropy:  
  ( 𝑑𝑑µ
𝑑𝑑𝑑𝑑
 )𝑃𝑃,𝑛𝑛 = − 𝑑𝑑?̅?𝑆𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑 + 𝑑𝑑𝑉𝑉�𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑                      (1)    
                  ( 𝑑𝑑µ
𝑑𝑑𝑑𝑑
 )𝑃𝑃,𝑛𝑛 = −𝑑𝑑𝑆𝑆̅                                           (2) 
Therefore, from equation (2), the slope of a plot of chemical potential vs. temperature is 
equal to the negative value of the change in entropy. As molecules change into higher phases and 
decrease their relative chemical potentials, their overall entropy also increases, which gives plasma 
phases the highest level of entropy. 
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As the chemical potential 
decreases and the temperature 
increases, there is an increase in 
entropy (ΔS). Assuming a 
spontaneous phase transition, the 
more positive the change in entropy, 
the more spontaneous and 
exothermic the plasma formation. In 
differentiating between thermal and 
non-thermal plasma systems, the 
electrons are generated at specific 
conditions pertaining to the 
temperature and pressure of the reactor system (Figure 1.2). In thermal plasma systems, high 
temperatures are used to ionize gas molecules, so that the electrons and gas particles are at the 
same energy levels as one another. In non-thermal plasma systems it uses lower temperatures with 
a strong magnetic field to ignite the system, keeping the electrons and particles at different energies 
than one another. As shown in Figure 1.2, the yellow line signifies the plasma conditions (pressure 
and temperature) of the non-thermal plasma used in this work.  
Non-thermal plasmas offer the advantage of low temperatures, resulting in a system that is 
thermally non-destructive. The plasma species are the driving force of any chemical change 
between plasma and other materials. It is for this reason that non-thermal plasmas have been use 
to functionalize materials such as carbon nanotubes, or perform control etching to fabricate 
Figure 1.3. Phase diagram of the four physical state of 
matter. TM indicates the melting point, Tb indicates the 
boiling point, and Ti indicates the ionization point. 
Plasma is formed at Ti. 
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integrated circuits.(21, 22)  In order for applicable use in chemical synthesis, the method must be 
able to selectively functionalize hydrocarbons.  
 In order to generate non-thermal 
plasma, electrical discharges through 
either an AC (alternating current), DC 
(direct current), or pulsed electric fields are 
used.(23) The current creates an electric 
field to ionize the gas. Upon the initial 
ionization of a gas molecule, the excitatory 
action of the charged ions grows and 
causes an “electron avalanche”. When 
pure oxygen is subjected to a plasma 
discharge, the diatomic oxygen dissociates 
through direct electron impact resulting in an oxygen molecule of either the 3P, 1D, or 1S form.(24) 
Specifically, the dissociation of molecular oxygen, O2, results in ground state atomic oxygen, 
O(3P), as shown in Figure 1.4.(25) Singlet atomic oxygen, O(1D) and O(1S) are excited states with 
a spin forbidden transition. Therefore, when O(3P) is generated, no singlet forms of the free radical 
are observed.(26) This O(3P) species is a diradical form of the oxygen atom. The term symbol 
O(3P) describes of the oxygen’s quantum number L showing the vector sum of the orbital angular 
momentum. The superscript number is the multiplicity, calculated using the spin quantum number, 
S, in the equation (2S+1).(27) Overall, the term symbol is written as (2S+1)L.(27) For the ground 
state atomic oxygen, the L is in the P orbital, and the S quantum number is the summation of the 
valance electron spin quantum numbers. 
Figure 1.4. Morse potential resulting in the 
formation of O(3P). Singlet excited states can only 
be form from the dissociation of an extited O2 
molecule or a non-standard form of oxygen. 
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 The dissociation of molecular oxygen happens through direct electron collision, forming 
two free radicals O(3P):  
𝑂𝑂2 + 𝑒𝑒− → 𝑂𝑂∗ + 𝑂𝑂∗ + 𝑒𝑒−   (3) 
The oxygen radicals, as shown in Figure 1.4, will be most stable in the ground state atomic 
oxygen, O(3P) state, which is what we use to describe the reactive oxygen species in our non-
thermal plasma reactor system. 
Hydrocarbon Reactions with Non-Thermal Plasmas 
When O(3P) comes into contact with a hydrocarbon, as a highly reactive species it will 
result in an oxidation: 
                                                             𝐶𝐶𝑥𝑥𝐻𝐻𝑦𝑦 + 𝑂𝑂 → 𝐶𝐶𝑛𝑛𝐻𝐻𝑧𝑧𝑂𝑂 ∗    (4) 
One of the most well-known and simplest plasma oxidation reactions is with methane, 
where it was able to be effectively converted to methanol.(9) These studies have demonstrated the 
conversion of methane to methanol using water vapor or liquid water films. The reaction kinetics 
of this oxidation reaction have been well observed, and are shown below:  
               𝐶𝐶𝐻𝐻4 + 𝑂𝑂 ∗ 𝐻𝐻 + 𝑂𝑂2 → 𝐶𝐶𝐻𝐻3𝑂𝑂𝑂𝑂∗ + 𝐻𝐻2𝑂𝑂         (5) 
               𝐶𝐶𝐻𝐻3𝑂𝑂𝑂𝑂∗ + 𝐶𝐶𝐻𝐻4 → 𝐶𝐶𝐻𝐻3𝑂𝑂𝑂𝑂𝐻𝐻 + 𝐶𝐶 ∗ 𝐻𝐻3         (6) 
              𝐶𝐶𝐻𝐻3𝑂𝑂𝑂𝑂𝐻𝐻 → 𝐶𝐶𝐻𝐻3𝑂𝑂∗ + 𝑂𝑂𝐻𝐻 ∗                      (7) 
                        𝐶𝐶𝐻𝐻3𝑂𝑂𝑂𝑂∗ + 𝐶𝐶𝐻𝐻3 ∗ → 2𝐶𝐶𝐻𝐻3𝑂𝑂∗          (8) 
         𝐶𝐶𝐻𝐻3𝑂𝑂∗ + 𝐶𝐶𝐻𝐻4 → 𝐶𝐶𝐻𝐻3𝑂𝑂𝐻𝐻 + 𝐶𝐶 ∗ 𝐻𝐻3                    (9) 
  It has been suggested that in this reaction it proceeds through the direct interaction between 
methyl radicals and hydroxyl radicals that are produced from the water. Hydrocarbons bigger than 
methane have been shown to also successfully oxidize by oxygen radicals produced from oxygen 
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plasma, creating alcohol and ketone products. Using radicals (hydroxyl, hydrogen, and oxygen) 
produced from water plasma discharges has been demonstrated in hydrocarbons like n-hexane, 
cyclohexane, and cyclohexene that show similar results to those from the methane reaction.(9) The 
functionalization of organics using water plasma systems to produce hydroxyl radicals has not 
been studied very thoroughly, and has been limited to mostly water pollution control and/or 
biomedical applications.  
 Work in understanding 
the relative abundance of active 
species in the water vapor 
plasma has been well examined 
(Figure 1.4). It has been found 
that increasing the density 
affects the concentration of the 
water vapor plasma 
particles.(28) As the water vapor 
flow rate increases, 
intermolecular interactions 
favor recombination of free 
radicals. Relevant for this work is the pattern of O(3P),  which reaches a maxima at relatively low 
flow rates and decreases in a log-normal function with the increase of flow rate. 
 
Figure 1.4. Relative trends of active species generated 
through water plasma. (28) 
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 On the other hand, generating O(3P) radicals using oxygen plasma discharges is relatively 
easier and a lot of work has been conducted in using these O(3P) radicals to oxidize various liquid 
hydrocarbons. The oxygen gas is ionized into plasma and reacted directly onto a liquid 
hydrocarbon, where the hydrocarbon is then retrieved for analysis (Figure 1.5).(25) Upon 
retrieving the hydrocarbon for analysis, it must be cooled so as to prevent any potential 
fragmentation or polymerization as a result of the hydrocarbon vaporizing. A method used to favor 
the oxidizing process and prevent potential side reactions from occurring is to maintain relatively 
low alkyl radical to plasma O(3P) ratio. The implication of these cryogenic methods in the study 
of plasma oxidation was an effective alternative to prior oxidation methods so as to control 
oxidation product analysis (Figure 1.5). The advantages were that the hydrocarbon products could 
 
Figure 1.5. A non-thermal, low-pressure oxygen plasma reactor system diagram.(25) 
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be effectively extracted and studied. There were still many disadvantages with this system, 
however, it did not allow for in situ examination of the reaction, had low selectivity of products, 
and limited the reactions to non-volatile hydrocarbons. The hydrocarbons must be kept near 
freezing point conditions so that the products do not volatize into the plasma, and thus it took a lot 
of outside energy to keep the system adequately cooled.(25) 
 Being able to oxidize hydrocarbons selectively to produce species of interest has been a 
very difficult area of plasma chemistry for decades.  The reaction of O(3P) with alkenes has been 
shown to be faster than the reaction with alkanes.(17) The chemical differences in alkanes and 
alkenes is important to note because alkenes can generate intermediate epoxides to then go on to 
form other alcohols or ketones. Since oxidation beyond the formation of ketones does not appear 
to be favorable, this may be important in considering conversions of alkane and alkene mixtures. 
Analysis of various hydrocarbon structures upon reaction with O(3P) is critical in determining the 
reactivity of the hydrocarbons.  
Cvetanovic proposed the first mechanism for the oxidation of alkenes via O(3P) reaction in 
1955 (scheme 1.1), which results in the formation of epoxides and ketones: (29) 
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 Similarly, studies on the heterogeneous oxidation of alkenes by O(3P) suggest the 
formation of an transition state complex that does not necessarily involve the formation of a 
biradical species.(30) Similar to the biradical mechanism, the products observed had epoxide and 
ketone groups.  
This mechanism, however, does not necessarily imply the loss of C-H bonds. In the 
reaction of saturated hydrocarbons with O(3P), it has been shown that hydrogen abstraction is the 
main mechanism, and results in both an alkyl and hydroxyl radical: (31) 
     𝑅𝑅𝐻𝐻 + 𝑂𝑂( 𝑃𝑃 3 ) → 𝑅𝑅∙ + 𝑂𝑂𝐻𝐻 ∗              (10) 
This preference in mostly attacking secondary and tertiary carbons can be accounted for 
by the varying energies in the carbon-hydrogen bonds in the hydrocarbons.(17) This is particularly 
important as several studies on the oxidation of alkanes with O(3P) follow a similar path as that 
 
Scheme 1.1. Schematic outline of the reaction of O(3P) with ethylene, as proposed by 
Cvetanovic (29) 
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proposed by Suhr et al., where the initial step is the abstraction of a hydrogen atom from a 
secondary or tertiary carbon by O(3P) (Scheme 1.2).(32, 33) 
 
Scheme 1.2. Schematic outline of the reaction of O(3P) with ethylene, as proposed by Suhr et 
al.(33) 
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Ultimately, the mechanism in Scheme 1.3 suggests the formation of an OH radical to react 
and create hydroxyl and/or ketone group. In the reactions of this type, it was shown that upon 
oxidation of alkanes, secondary alcohols and ketones were predominantely generated, and 
functionalization of the primary carbons did not occur. 
These previous experiments have also provided much insight into the optimal conditions 
for plasma oxidation reactions. Factors like pressure, temperature, and the total reaction time can 
greatly impact how the hydrocarbons react. O(3P) atoms generated in the plasma are very sensitive 
to pressure changes, and altering the pressure can result in changes in the intensity of the oxidation 
reaction.(17, 25) Working at temperatures close to the liquid freezing point of the hydrocarbon 
was also important and maximized conversion, and prevented gas phase reactions that generate 
undesirable side products.(25) But, once the freezing point is reached, all conversion and reactivity 
halts. Along with pressure and temperature, the longer the hydrocarbon was reacted with the 
oxygen species resulted in effects on the selectivity (See page 39). After initial oxidation, the 
generated alcohols, if still in the presence of reactive oxygen species, will go on to produce 
ketones.  
 The structure of the hydrocarbon, along with experimental factors like pressure, discharge 
power, temperature, and reaction time have proved to have large effects on the reaction products. 
Applying previous plasma experiments and knowledge to future plasma systems is useful, so as to 
understand the effects of plasma reactions on varying types of saturated, volatile, or hybridized 
hydrocarbons. In order to be able to study more volatile hydrocarbons, a different approach must 
be taken because of their high volatility.  
 In this work, we examine the oxidation patterns of semi-volatile and or volatile 
hydrocarbons through the use of dry oxygen non-thermal plasma. Instead of cooling the 
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hydrocarbons to examine the oxidation products, the hydrocarbons are adsorbed onto a metal-
oxide frame and examined through in situ Fourier-transform infrared spectroscopy (FTIR) 
analysis. This technique is especially integral to our system because of its extreme sensitivity and 
fast scanning process. Also, the integration analysis of spectral features relative to the initial 
integration area allows for the measurements to be independent of the concentration of 
hydrocarbon that was initially adsorbed onto the surface. Our plasma reactor system is able to 
effectively hold the hydrocarbons for reaction with oxygen species, under room temperature 
conditions. Varying changes in pressure allow us to control the intensity of the reactive oxygen, 
enabling us to manage the reaction rate.  
 The in situ reactions are further analyzed for product formation, and each individual 
hydrocarbon reaction is compared. This large comparison has allowed us to extract critical 
information for kinetic analysis for each hydrocarbon. This experimental work will closely analyze 
the oxidation patterns of 1-hexene (volatile) and cyclohexane (volatile).  
We have found that the plasma oxidation reactions can be described as either through a 
Langmuir-Hishelwood or Eley-Rideal mechanism. The Langmuir-Hishelwood reaction 
mechanism is a model that examines the reaction between two adsorbed molecules.(34) The Eley-
Rideal mechanism is a different model of reaction that analyzes the reaction between an adsorbed 
molecule and a molecule in the gas phase.(35) Through non-thermal plasma reactions with 
adsorbed species, the gas is partitioned into a plasma phase to react with a specific adsorbed 
hydrocarbon sample. As the ionized gas reacts with the adsorbed species, the adsorbed species can 
also react with one another, exhibiting characteristics of both reaction mechanisms.  
Our plasma reactor system offers a highly specific and controlled mechanism for the 
oxidation of these hydrocarbons. Information from these reactions can be further applied to 
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effectively controlling the functionalization and recycling of various hydrocarbon structures. 
Using additional computational analysis through Gaussian software, our team has been able to 
simulate the likely mechanism of reactions for each hydrocarbon, which we are able to 
comparatively analyze with our experimental results.  
Previous work using non-thermal plasma in controlled oxidation have been limited to 
studying non-volatile hydrocarbons under cryogenic conditions.(25) This is because at the low 
pressures required for non-thermal plasmas, volatile (VHC) and semi-volatile (SVHC) 
hydrocarbons can partition to gas phase with their concomitant ionization. This limits the use of 
non-thermal plasma experiments to low-volatility hydrocarbons that cannot volatize into the 
plasma and become uncontrolled experiments. A second limitation lies on the fact that in situ 
analysis is difficult to achieve, as the reactants are complex and usually submerged in a low 
temperature bath. Therefore, kinetic studies have been impossible to date. 
In respect of these two limitations, we have adapted the non-thermal plasma to react with 
VHC and SVHCs while adsorbed onto a metal oxide frame support. Adsorbing allows for the study 
of these volatile components through in situ methods. Using non-thermal plasma to generate 
oxygen radicals can provide an efficient method in the oxidizing of volatile hydrocarbons, in order 
to functionalize their structures to be repurposed. Due to the low reactivity of hydrocarbons, their 
oxidation process typically requires severe conditions which many result in various side-reactions. 
Non-thermal plasma oxidation is a controlled method in oxidizing hydrocarbons because the 
hydrocarbons are reacted under low temperatures, which eliminates many thermal side-reactions 
from occurring. Non-thermal plasma oxidation uses heterogeneous reactions, with the adsorbed 
hydrocarbon and oxygen plasma to more precisely target the hydrocarbon of interest. This method 
is able to analyze these reactions in situ, allowing an effective examination of the entire course of 
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reaction. In the next chapter we describe the novel state-of-the art method that has allowed us to 
overcome previous limitations in the non-thermal plasma processing of hydrocarbons. 
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Chapter 2: Non-Thermal Plasma Generation and Characterization 
Overview 
The oxidation of hydrocarbons via non-thermal plasma has been limited to non-volatile 
compounds because volatile or semi-volatile hydrocarbons can volatize into the plasma, leading 
to a low selectivity of products. However, adsorption of volatile compounds can prevent the 
hydrocarbon partition to the plasma-phase, allowing reactions to take place between free radicals 
generated via non-thermal plasmas and the volatile or semi-volatile hydrocarbon. In this work we 
present a state-of-the-art chamber for the heterogeneous reactions between adsorbed hydrocarbons 
and free radicals generated via non-thermal plasma. This chamber allows for the exposure of a 
well-characterized dry oxygen plasma plume onto a hydrocarbon-coated alumina surface.  The 
plasma chamber presented here consists in a two dimensional spectroscopic setup: UV-Vis 
spectroradiometry was used to determine the relative proportions of reactive species in the plasma 
plume, specifically oxygen free radicals. In addition, vibrational spectroscopy analysis of the 
alumina coated surface was used to determine the Gaussian profile of the plasma plume as it 
interacts with the adsorbed species. This set-up has allowed for the controlled analysis and 
characterization of the dry oxygen plasma and its reaction with organic species adsorbed on a non-
reactive surface.  
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State-Of-The-Art System 
Reactor System: “The Cube” 
In order to accurately measure and conduct plasma experiments, a state-of-the-art system was 
designed in which to analyze the oxidation reactions (Figure 2.1). This method is able to create a 
non-thermal plasma beam for the selective generation of free radicals, to allow for the study of 
photoactive systems without the possibility of photochemical side-reactions occurring. Every 
opening in the system is vacuum-sealed with O-rings to maintain the pressure of the closed system 
to study the oxidation pattern in situ.  The aluminum cube was designed with two pairs of circular 
windows, one per each side (Figure 2.2). The first pair of windows are made of Barium Fluoride 
(BaF2), for IR analysis, and the second pair of windows are made of quartz, for UV-Vis analysis. 
Figure 2.1. Non-thermal plasma flow system and reactor cell overview  
 
Reaction cell
IR 
source
MCT 
Detector
To 
vacuum
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L
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Vacuum 
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The plasma cube was 
manufactured with a vacuum 
opening on the bottom, and a 
plasma discharge tube opening 
on the top. Between the 
openings, inside the cube, a 
tungsten grid surface is held for 
reaction. The glass plasma 
discharge tube extends vertically 
out of the plasma cube, attached 
to a system of teflon tubing 
which is connected to a gas 
reservoir. The end of the 
discharge tube carries the plasma plume to the surface on which the hydrocarbons are adsorbed. 
When each controller is opened, the piping fills the cube with the selected gas. The gas flows 
through the plasma tube, surrounded by a copper coil, which is used to ionize the gas to create the 
non-thermal plasma. The copper coil surrounds the glass rector, 3 cm in diameter and is powered 
through a radio frequency (RF) generator and matchbox system. The copper coil is generally held 
~4 cm above the plasma reactor cube. 
Radio Frequency (RF) Discharge  
In order to produce the plasma, an RF system will be employed using a commercially available 
generator (13.4 MHz and variable power). The generator was picked to be 13.4 MHz because it 
 
Figure 2.2. Non-thermal plasma reactor cube with surface 
attached 
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was the highest frequency we could use without interfering with outside radio communications or 
other electronic and spectroscopic instruments. The RF generator will use a tunable impedance 
matching network to connect it to the copper coil, to ionise the gas into plasma.  
Surface-Substrate 
The surface has an aluminum frame, and a tungsten grid that stretches across the middle of 
the frame. The frame can be firmly screwed into the bottom of the plasma cube system, to be set 
up for reaction (Figure 2.2). When prepared for reaction, the tungsten grid is coated with dried 
alumina, with or without a selected organic. Set between the plasma emission tube and the vacuum, 
the plasma beam is forced to directly pass through the organic surface.  
Different methods have been used to add organic solvents to the surface for reaction. In the 
first method, we mix the dried alumina with the organic and spread it onto the tungsten grid 
surface. In the second method, we adsorb the organic onto the alumina surface through the use of 
a separate reservoir of solvent, which is flowed through the system and out of the glass reactor 
tube, to directly interact with the alumina surface. Placed horizontally from the quartz windows, 
FTIR analysis is employed to study the organic products and intensity trends during the entire 
reaction and adsorption stages.  
Once the reaction is completed, the surface is carefully removed from the cube and 
collected for product characterization through gas chromatography- mass spectroscopy (GC-MS) 
analysis.  
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Atomic Spectroscopy for Plasma Characterization 
UV-Vis and IR spectroscopy are used as the main methods for product/reactant 
characterization and optimization. The specific BaF2 and quartz windows are used for different 
analysis of the reaction and plasma beam (Figure 2.3). IR spectroscopy is used for product 
formation and analysis. The quartz windows are set facing the surface, where the IR beam can 
directly intersect the center of the surface which is being reacted with the plasma beam. The IR 
beam is emitted through an external FTIR system, where the beam is optimized and directed 
through a series of gold-plated mirrors into an MCT (Mercry-Cadmium-Telluride) IR detector 
module.  
As a reaction goes on, 
OMNIC and Macros software 
are utilized to map the product 
and byproduct formation and 
degradation. Infrared spectra is 
collected for every 22 seconds of 
the reaction using a single beam 
FTIR spectrometer equipped 
with a liquid nitrogen-cooled 
narrowband Mercury Cadmium 
Telluride (MCT) detector. In 
order to minimize H2O and CO2 
 
Figure 2.3. Birds-eye view of plasma cube, and 
spectroscopy (P: periscope, M1: Mirror 1, M2: Mirror 2) 
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concentrations of the purge air in the spectrometer and internal compartment, a commercial air 
dryer is used.    
In order to map the specific oxidation patterns of the surface, another form of IR-
spectroscopy was also utilized, using an FTIR-microscope. After analyzing the reaction using the 
regular FTIR software, the fully reacted surface is extracted and placed onto the FTIR-microscope 
system to study the oxidation patterns and where the plume was targeting the surface. The FTIR-
microscope maps out the entire surface, and examines every designated area of the surface to create 
a plot of where the oxidation occurred most intensely.  
UV-Vis spectroscopy was also employed to characterize the intensity of the non-thermal 
plasma beam. The UV-Vis detector beam is placed directly in front of where the plasma plume is 
being emitted in the cube, in front of the BaF2 windows. Depending on the gas being ionized, 
OceanOptics (Spectrasuite) software and materials were used to characterize the specific 
intensities of each gas at varying pressures. This characterization is crucial in setting up an ideal 
system, because it tells us at which pressure the gas is at its highest plasma intensity in the cube. 
Higher intensities in the plasma will result in faster and stronger reactions with the surface.  
Atomic Spectroscopy of the Plasma Plume: Plasma Optimization  
O(3P) Intensity as a Function of O2 Pressure   
As mentioned in Chapter 1, non-thermal palsma require low pressures, and are especially 
succeptible to pressure of the carrier gas. High intermolecular interactions, combined with the 
low energies used to generate the plasma, means that the plasma plume can only be sustained up 
to a maximum value of gas. Determining the presence of O(3P) as a function of the pressure of 
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O2 not only allowed us to determine this limit but also establish the pressure for the maximum 
formation of O(3P).  
The relative concentration of O(3P) was measured through UV-Vis analysis as a function 
of pressure to find its trend in intensity. By Beers-Lambert law, the intensity of light emitted by 
the O(3P) is proportional to its partial pressure.(27) As shown in Figure 2.4 insert, oxygen radical 
intensities were measured by emissions of light at wavenumbers ~777 and 844 nm. Smaller peaks 
observe at ~656, 486, and 434 nm correspond to the Balmer series of hydrogen atom, generated 
from trace ammounts of water in the system. For UV-spectroscopy analysis, we chose to measure 
our oxygen intensity at 777 nm. As shown also in Figure 2.4, oxygen plasma reaches its maximum 
intensity around 50 ± 5 mTorr of pressure.  This pressure and intensity relationship was previously 
examined by Gambús et al., and 
we further validated the 
correlation.(28) Therefore, 
plasma reactions can be 
maximized around 50 mTorr of 
oxygen, and be conducted in a 
dynamic range between 30 to 
200 mTorr. Beyond this range, 
the pressure becomes too high 
and intermolecular interactions 
shut down the plasma.  
  
 
Figure 2.4. Left: Oxygen plasma as a function of pressure 
through UV-vis analysis. Insert: UV-vis Emission Spectrum 
of Oxygen (48 mTorr) at 777 and 844 nm 
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O(3P) Intensity as a Function of Plasma Coil Distance   
Intensities of O(3P) were measured at the end of the discharge tube, where the plasma enters 
in collision with the alumina surface coated with hydrocarbons. Since the intensity of the emission 
was not being registered at the center of the coil that generated the plasma, we established the 
effect in plasma intensity between the distance of the coil in reference to the exit point of the 
plasma at the end of the discharge tube. In our data analysis, we show that oxygen plasma plume 
intensity varies with the height of the copper coil from the plasma reactor cube. The plasma 
intensity follows a linear relation to the distance. As the distance between the copper coil and 
plasma reactor cube increased, the plasma intensity decreased as an indirect proportion (Figure 
2.5). Beyond 14 cm, the intensity 
of the plasma reaches a minimum 
value near the limit of detection of 
O(3P). To control for plasma 
intensity, the copper coil was 
stationed 4 cm. above the plasma 
reactor cube for all reactions. Any 
change in distance would 
subsequently alter the oxygen 
radical intensity in the cube, and 
rates of reaction. 
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Figure 2.5. Height of copper coil in relation to plasma 
intensity through UV-Vis analysis. O(3P) intensity was 
measured at 777.06 nm (110 mTorr). 
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Plasma Oxidation on Surface 
 
 Using an FTIR-microscope, a 
plasma reacted alumina-1,2-
dihydroxybenzene surface was 
analyzed for oxidation patterns, in order 
to establish the point of contact between 
plasma and organic coated surface. 
Figure 2.6 shows a mapping of the 
intensity of oxidation, indicating the 
point of contact between the plasma 
plume and the surface. There was a 
higher concentration of oxidized 
products in the direct contact region 
(Figure 2.6). Farther from where the 
plume contacted the surface there was less oxidation. Overall, the plasma plume shows a Gaussian 
profile with an intense center that dissipates evenly. 
Effects of Changes in Surface  
Two methods were utilized in creating the alumina-hydrocarbon surface. The first method 
was through the adsorption of hydrocarbons onto the alumina surface, characterized through FTIR 
analysis detailing the growth patterns of the hydrocarbon on the surface. However, this method, 
compared with the second method, does not absorb as much organic onto the alumina surface. 
 
Figure 2.6. FTIR microscopic mapping analysis of 
oxygen plasma on a 1,2-dihydroxylbenzene surface 
with oxygen plasma generated (75 mTorr oxygen 
pressure, 1 minute of reaction) 
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The second method is done through the physical mixing and addition of alumina and the 
specified hydrocarbon on the tungsten grid surface. Depending on varying soluble properties of 
the organic used, it may more may not be more miscible in the alumina surface mixture. In some 
cases, methanol is used to create a homogeneous mixture with the organic and alumina to be able 
to create a surface. But, in using this method, we are unable to quantify exactly how much organic 
is adsorbed onto the surface after it has dried. This is why in each reaction, the masses of the 
individual surfaces are measured to be used to normalize reaction absorbances to one another. 
We chose γ-Al2O3 (aluminum oxide) as a surface to hold the hydrocarbon of choice because 
under oxidation, it is a relatively non-reactive background. Aluminum oxide is characterized by 
its inert properties and is resistant to corrosion in an in vivo environment. It is also a very strong, 
dense, nonporous, and fatigue resistant surface to use for reaction, which is important so that it 
retains its structure upon oxidation.(36) 
 
Conclusion: 
Our designed plasma reactor system allows for the controlled and selective oxidation of 
various hydrocarbon adsorbed surfaces. The two-dimensional analysis of the plasma cube enables 
our research team to use UV-Vis and IR-spectroscopy to characterize and examine the plasma 
plume intensity and reaction with organic species on the surface. Characterization of the plasma 
plume is important for setting up the experimental conditions in the plasma reactor, to maintain a 
controlled environment. Due to varying changes in plasma intensity from changes in coil height, 
and oxygen pressure, these variables must be maintained and recorded in every experiment, 
because they will affect the rate of reaction. Since most of the oxidation reaction occurs in a 
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specific center of the surface, most of the products will be observed in this area. These analyses of 
the plasma reactor system are key components in maintaining a controlled and selective 
environment for oxidation reactions with O(3P) plasma radicals and various adsorbed organic 
compounds.  
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Chapter 3: Reactions between chemisorbed hydrocarbons and O(3P) 
Overview 
Due to its highly reactive species, non-thermal plasmas have been used to oxidize inert 
compounds at room temperature. In order to avoid gas phase reactions, that minimize selective 
oxidation, plasma processing is limited to the heterogeneous processing of non-volatile 
compounds. In this work, we present an alternative method for the oxidation of volatile and semi-
volatile hydrocarbons. Adsorption of volatile organic compounds (VOC) onto a metal oxide 
surface prevents its partition to the gas phase, allowing reactions between free radicals, generated 
via non-thermal plasmas, and the surface-bound VOC.  A well-characterized dry oxygen plasma 
was used to selectively oxidize organic coatings on alumina surfaces using a two-dimensional 
analysis reaction chamber. The reaction chamber allowed for the controlled generation and 
reaction of O(3P) with specific adsorbed hydrocarbons on an alumina powder surface. This 
reaction can be analyzed through in situ vibrational spectroscopy of surface species. Here, we 
present the room-temperature heterogeneous oxidation of 1-hexene, benzaldehyde, cyclohexane, 
and cyclohexene. Oxidation preferentially forms alcohols, and carbonyl groups as reaction 
products. Epoxides are also formed when the surface hydrocarbon contains double bonds. Our 
results show a novel and effective method for the free-radical reaction with absorbed volatile 
compounds. A pseudo-first order kinetic analysis of the O(3P) reaction with organic coating is also 
presented. 
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Experimental 
Typical Experiment 
In order to create a surface for a plasma experiment, the aluminum frame must be tightly 
closed with a tungsten grid stretched across the center, and secured. There are two methods that 
we used to add organic onto the surface. The first method is an alumina-hydrocabon (1:1) solution 
that is prepared and homogeneously spread across the sheet. The sheet must be evenly covered in 
the solution, and thin enough for light to pass through. The surface is then placed inside the plasma 
reactor cube, under vacuum to dry (~1 hour). The second method in making a surface is through 
adsorbing the designated organic under vacuum through the plasma flow system. The level of 
adsorption is studied in situ through IR analysis, and once it has reached it maxima, the organic 
flow is shut off. It is then left under vacuum (~15 min) to remove any physisorbed hydrocarbons 
on the surface.  
The surface is secured in the bottom of the plasma cube, facing the vacuum. The cube is 
then placed on a track, where it can be adjusted for accurate IR readings. The IR beam must directly 
pass through the center of the surface, or through a region that has the best transmittance. A glass 
reactor tube is then carefully placed in the top of the cube, making sure not to disturb the surface, 
and tightened using an ultra-torr, to create a closed system within the cube. The copper coil is then 
adjusted ~4 cm. above the cube. If the coil is above or below this measurement, it will affect the 
intensity of the plasma on the surface.  
The glass reactor tube is then attached with another ultra-torr to a series of piping controlled 
by a flow system control panel. Each respective reservoir for the experiment is set up to contain 
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either the specific gas or organic needed, and its flow into the cube is controlled by the control 
knobs on the panel.  
If adsorbing the organic onto the surface, ~5 ml of the organic will be maintained in its 
reservoir, in a water bath (22˚C). The hydrocarbon is degassed through the freeze-pump-thaw 
method. After it is degassed, it is connected to the closed vacuum and cube system to flow onto 
the surface through the glass reactor tube. The control panel for the piping is used to control the 
flow rate of the specified organic hydrocarbon. The adsorption process typically takes ~10 
minutes, and then the hydrocarbon reservoir is shut closed.  
Once the cube is set up, it is put under vacuum to ~30 mTorr to clean out any remaining 
gas or physisorbed hydrocarbons. Once it is under pressure, the IR analysis begins and is recorded 
through OMNIC and Macros software. As soon as it reaches the lowest pressure possible, a scan 
of the surface is taken for the background. The system is then opened to gas flow. Depending on 
the specific gas used, the flow will correspond with increasing pressure, and each gas will be 
corrected to the proper flow for maximum intensity of radicals. Once the pressure is stabilized, the 
plasma is ignited and the ignition point is recorded. The reaction is watched through IR analysis 
and once the products peak at their maxima, the plasma is turned off and the experiment is stopped. 
In some experiments, the plasma and IR analysis are left on to analyze trends in degradation of the 
products. The scans are saved to be evaluated later, and the system is disassembled. The surface is 
carefully extracted from the reactor cube and saved in a methanol solution for surface analysis 
through GC-MS.  
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 Computational Methods  
Gaussian 09 software was used for structure optimization and vibrational frequency 
calculations, and then visualized using GaussView software. The quantum chemical calculations 
were carried out on binuclear clusters on a geometrically restricted alumina-hydocarbon surface 
site model with the oxygen radials positioned in various configurations. Becke’s three-parameter 
hybrid method with the LYP correlation functional (B3LYP) was used to model the clusters’ 
ground-states. The ground-states of the hydrocarbon absorbed onto the alumina cluster 
(Al2O6H6(Organic Substrate)) were optimized using a B3LYP/6-31+G(d) basis set. Not including 
terminal hydrogens, the alumina surface was frozen for optimization of the structures in a 
previously optimized (001) coordination. Using the B3LYP/6-31+G(d) level of theory, vibrational 
frequency calculations were also performed. All calculated frequencies were scaled by a factor of 
0.9632 to account for anharmonicity. Basis sets under the same level of theory used in these 
calculations may have varying scaling factors.(37) 
 
Chemisorbed Hydrocarbons in Reaction with O(3P) 
Chemisorption Method  
 The specified hydrocarbon is chemisorbed onto the surface through two methods. The first 
method involves chemisorbing the hydrocarbon onto an alumina surface by mixing the 
hydrocarbon and alumina. In order to make the solution more miscible, methanol is often added. 
The homogenous mixture is then spread onto the tungsten grid surface and dried. The surface is 
then placed under vacuum in the plasma reactor cube, and all physisorbed hydrocarbon is removed. 
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In the second method, the hydrocarbon is adsorbed onto the alumina surface by flowing 
the gas phase hydrocarbon through the plasma flow system onto the alumina surface. This process 
is analyzed in situ through FTIR examination, and once the organic peaks are at their maxima, the 
reservoir is closed to flow and the vacuum is turned on to remove any excess or physisorbed 
species.  
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Results/ Discussion:  
1. An Examination of Oxidation Patterns in Varying Hydrocarbon Structures  
Benzaldehyde  
As an initial test of our heterogeneous non-thermal plasma reactor, we examined O(3P) 
reacting with benzaldehyde adsorbed onto alumina. Benzaldehyde readily undergoes oxidation to 
yield benzoic acid, and so it was used initially as a model hydrocarbon to analyze.(38) 
 As shown in Figure 3.1, the vibrational bands of  benzaldehyde on an alumina surface 
change at time t=0, when the 
plasma discharge begins. Two 
main signals grow over time: a 
broad vibrational band between 
2900 cm-1 and 3600 cm-1, 
characteristic of OH stretch, and a 
narrower intense band centered 
around 1700 cm-1, characteristic of 
carbonyl and or ketone groups. 
The peaks observed in these 
experiments will never exactly 
match with those indicated in the 
literature because IR-analysis of these  reactions is not on the single compound, but on a surface, 
which slightly shifts the peaks.  
 
Figure 3.1. Left: Oxidation of a benzaldehyde-alumina 
surface by non-thermal plasma generated O(3P) radicals 
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 Overall, these growing spectral features are an indication of oxidation of adsorbed benzaldehyde 
by O(3P). Over time the oxidation reaction products degrade due to additional reaction with 
radicals.   
Additional IR analysis shows the exact peak growth and degradation for Hydroxyl (3000-
3600 cm-1) and carbonyl (1625-1900 cm-1) groups. Upon oxidation with oxygen radicals (O(3P)), 
the carbonyl peak becomes fully oxidized at ~13 min., and the hydroxyl peak becomes fully 
oxidized at ~14 min (Figure 3.2). Analyzation of the rates of formation for the peaks, showed that 
the carbonyl formation was calculated around 6.7 ± 0.4/min-1 and the hydroxyl peak formation was 
calculated around 23.7665 +/- 0.377 /min-1 (Figure 3.2). 
 
 
 
 
 
 
 
 
 
 
Figure 3.2. Reaction analysis of O(3P) radicals with a benzaldehyde coated surface (55-60 mTorr). Left: 
Integrated duplicate data for carbonyl (1625-1900 cm-1) peak formation. Right: Integrated duplicate data 
for hydroxyl (3000-3600 cm-1) peak formation  
 
 
0 20 40 60 80 100 120 140 160 180 200
-5
0
5
10
15
20
25
30
35
40
45
50
-10 -5 0 5 10
-5
0
5
10
15
20
25
30
35
40
45
50
A
bs
or
ba
nc
e 
(a
.u
.)
Time (min)
 Carbonyl
A
bs
or
ba
nc
e 
(a
.u
.)
Time (min)
0 20 40 60 80 100 120 140 160 180 200
0
25
50
75
100
125
150
175
200
-10 -5 0 5 10
0
25
50
75
100
125
150
175
200
A
bs
or
ba
nc
e
Time (min)
OH
A
bs
or
ba
nc
e
Time (min)
 39 
 
The oxidation pattern observed via FTIR are consistant with oxidation mechanisms of 
aromatic compounds with O(3P), as proposed by Zadok et al. Scheme 3.1 shows the formation of 
hydroxyl and carbonyl groups, in good agreement with our observations.(39) 
 
 
Scheme 3.1. Schematic outline of the oxidation reaction of O(3P) with aromatic compounds, 
as proposed by Zadok et al. 
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Cyclohexane 
 Another hydrocarbon that we analyzed for 
oxidation patterns with plasma was 
cyclohexane. The reactions were measured at 
varying oxygen pressures to analyze peak 
formation. We found that accurate kinetic data 
can be found by slowing down the reaction,  
using lower oxygen pressures. As shown, at 
higher oxygen pressures the carbonyl peaks 
grew much more rapidly and were shifted 
farther up (Figure 3.3).  
 We found that the oxidation process occurs 
as a first-order reaction with the first-oxidation 
as the rate determining step. By working at 
lower oxygen pressures, single site oxidation 
can be more closely observed. Lower oxygen 
pressures decrease the concentration of O(3P) 
which allows for single site oxidation. Using 
computational analysis for the oxidation 
process, it suggests that first oxidation occurs at lower wavenumbers (1637 cm-1), and second 
oxidation at higher (1689 cm-1). As shown, when the cyclohexane surface was under a higher 
pressure of oxygen, there was a lower shift, ~27 cm-1, in the carbonyl peak. This phenomenon is 
 
Figure 3.3. Top Right: IR reaction analysis of 
an alumina-cyclohexane surface with dry 
oxygen plasma (94 mTorr). Bottom Right: IR 
reaction analysis of an alumina-cyclohexane 
surface with dry oxygen plasma (55 mTorr) 
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due to the faster oxidation process under lower pressures, due to the higher oxygen radical 
intensity. 
Quantum mechanically calibrated vibrational frequencies of the oxidized products were 
analyzed by simulating the reaction on a computer through Gaussian software (GaussView, and 
Guassian 09). Carbonyls were studied as products because they were the most prominent product 
functional group seen in the cyclohexane oxidation process.  
As shown in Figure 3.3, under lower pressure oxygen plasma, the oxidation process occurs 
much more rapidly, and the carbonyl peaks shift to higher wavenumbers compared to oxidation 
under higher pressure oxygen plasma. This shows that when working at higher oxygen pressures, 
the concentration of O(3P) is decreased and single-site oxidation can be observed. Using the 
computationally acquired analysis on the oxidation process of the carbonyls, it was found that the 
simulated oxidation process accurately matches our observed experimental data, with the first 
carbonyl product formation occurring around ~1637 cm-1 and the second carbonyl product 
formation occurring around ~1689 cm-1 (Figure 3.4). The discrepancy between the experimentally 
found and computationally found carbonyl peaks can be explained by the effects of neighboring 
intermolecular forces. Under the computational analysis, only using a single molecule of 
cyclohexane was examined, whereas experimentally, there are many organic substrates. Therefore, 
upon oxidation with the O(3P) radicals, neighboring cyclohexane molecules that are being oxidized 
may affect the resulting oxidation patterns of neighboring cyclohexane molecules due to various 
attractive and repulsive forces between the oxidized organics on the surface. 
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Further computational analysis of the oxidation process has yielded possible oxidation 
reaction pathways for cyclohexane (Figure 3.5). The grey pathways indicate those reactions 
without the hydrocarbon adsorbed to the alumina surface, and the green pathways indicate when 
the hydrocarbon is adsorbed. This computational product analysis showed the surface effect on the 
hydrocarbon for where the oxidation primarily takes place. For adsorbed species, it shows that 
multiple oxidations are favored, as the reaction seems to be more exothermic. The lower energy 
oxidized products, like caprolactone, are more likely to occur than higher energy oxidized 
products, like hydroxycyclohexanone, because they are more thermodynamically stable 
compounds. It was determined that the O(3P) oxidation of these hydrocarbons generated from the 
 
Figure 3.4. Average calculated frequency of one and two carbonyl products of cyclohexane 
while adsorbed onto alumina surface (One Carbonyl: 1637 cm-1, Two Carbonyl: 1689 cm-1).  
16001650170017501800
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Two Carbonyls
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plasma, occurs in a first order reaction with the first oxidation as the rate determining step. Since 
the O(3P) is kept at a constant concentration throughout the reaction, the kinetic analysis is 
determined in respect to the organic species. 
 Further computational analysis is needed to understand the oxidation pathways for other 
hydrocarbon species and to compare them with product formation results from GC-MS analysis 
of the reacted surface.  
 
The first step, involving the formation of an alcohol, is consistent with the mechanism 
proposed by Patiño et al., which starts by the abstraction of a hydrogen atom to form an OH radical 
(vide supra), as shown in Scheme 3.2.(25)  
Figure 3.5. Hypothesized cyclohexane oxidation reactionary pathway  
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Scheme 3.2. Schematic outline of the reaction of O(3P) with cyclic hydrocarbon structures, as 
proposed by Patiño et al. Product percentages were derived from experimental GC-MS surface 
analysis of an O(3P) reacted cyclohexane surface (Appendix A) 
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Kinetic Studies per Hydrocarbon 
 
As previously mentioned, the oxidation reactions with the non-thermal plasma generated 
O(3P) radicals occur through pseudo first-order rate kinetics, with respect of the organic under 
constant oxygen pressure. This relationship is described below:  
                                                     𝑑𝑑[𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑛𝑛𝑂𝑂𝑂𝑂]
𝑑𝑑𝑑𝑑
= −𝑘𝑘  [𝑂𝑂(3𝑃𝑃)][𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂]                                    (1) 
          Under the assumption that the oxygen radical concentration will stay constant: 
                                                        𝑑𝑑[𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑛𝑛𝑂𝑂𝑂𝑂]
𝑑𝑑𝑑𝑑
= −𝑘𝑘′ [𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂]                                              (2) 
                                                        ∫ 𝑑𝑑[𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑛𝑛𝑂𝑂𝑂𝑂][𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑛𝑛𝑂𝑂𝑂𝑂]𝑑𝑑0 = −∫ 𝑘𝑘′ 𝑑𝑑0 𝑑𝑑𝑑𝑑                                                 (3)                                                                     ln([𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑛𝑛𝑂𝑂𝑂𝑂]𝑡𝑡[𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑛𝑛𝑂𝑂𝑂𝑂]0) = −𝑘𝑘′𝑑𝑑                                                    (4) 
Since the reaction can be carried out to completion, a mass balance implies that 
[Organic]0 is equal to [Organic]∞ , thus: 
                                                                    [𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑛𝑛𝑂𝑂𝑂𝑂]𝑡𝑡[𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑛𝑛𝑂𝑂𝑂𝑂]∞ = 𝑒𝑒−𝑘𝑘′𝑑𝑑                                                       (5) 
           Where the concentration of adsorbed organics is equivalent to the integrated absorbance: 
                                                                      𝐴𝐴𝐴𝐴𝑠𝑠𝑡𝑡
𝐴𝐴𝐴𝐴𝑠𝑠∞
= 𝑒𝑒−𝑘𝑘′𝑑𝑑                                                              (6) 
 The oxygen pressure is kept constant throughout the reaction, which allows us to determine 
the rate constant (k’) by examining the exponential curve for the absorbance changes in the organic 
throughout the reaction. We can use this rate constant, to compare between other various organic 
substrates examined. Since the concentration of the organic on the surface is unknown, the 
concentration is derived from the absorbance intensities of the carbon-hydrogen peak degradation 
upon oxidation.  
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The carbon-hydrogen peak (and all other peaks) are normalized for every reaction by 
dividing the absorbance at a specific time and wavenumber by the individual surface mass and 
average carbon-hydrogen peak absorbance (Figure 3.6). This method has allowed our team to 
normalize and compare multiple different reactions for the same organic, and derive a k’ for the 
organic, specifically, 1-hexene. Further analysis is needed to understand the product formation of 
hydroxyl and carbonyl peaks. 
Figure 3.6. Normalized measurements of the C-H stretch (~3000-2820 cm-1), of 1-hexene 
under reaction with non-thermal plasma generated O(3P) radicals (~145 mtorr). Standard 
deviations between the measured reactions were used to calculate error (R2= 0.939). 
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To derive the k’ value, since the reaction is first-order in respect to the organic, an 
exponential curve can be fit to the slope of the carbon-hydrogen absorbance intensities throughout        
the reaction. As shown in Figure 3.6, the data points were fit to an exponential curve which yielded 
a k’ value of (1.96 ± 0.08) x10-3 s-1. 
Although there is still difficulty in examining the precise trends in product formation for 
hydroxyl and carbonyl groups, general trends have been observed (Figure 3.7). Once full oxidation 
of the hydrocarbon, 1-hexene, has been reached, the oxidation patterns plateau at full saturation. 
Figure 3.7. Normalized duplicate measurements of the hydroxyl (~3600-3000 cm-1) and 
carbonyl (~1740-1530 cm-1) wavenumber range of 1-hexene under reaction with non-thermal 
plasma generated O(3P) radicals (~145 mtorr). Shaded region represent standard deviations 
over multiple experiments.  
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The large uncertainty in the carbonyl product formation indicates the need for further analysis.  
 
Surface Product Analysis with Cyclohexene 
 
Upon non-thermal plasma oxidation with a cyclohexene-alumina surface, the surfaces were 
collected from the plasma reactor cube and saved in methanol for GC-MS analysis. Through the 
GC-MS examination, it was found that upon oxidation, the adsorbed hydrocarbon and O(3P) 
radicals react with one another through an Eley-rideal type of mechanism, resulting in products 
such as; epoxycyclohexane, hydroxycyclohexanone, 2,5-cyclohexadienone, 1-cyclohexen-1,2-
diol, cyclohexanone, cyclohexenone, cyclohexene, 1,4-cyclohex-2-enedione, cyclohexadienone, 
and cyclohexenol (Appendix A and B).  But, it was found that the reacted hydrocarbons also 
polymerized with one another, affecting oxidation patterns and product formation. GC-MS 
evidence of the adsorbed molecules on neighboring sites of the surface reacting, indicate that 
Langmuir-Hinshelwood mechanisms are also occurring. Upon surface analysis, products like 1,1-
bi(cyclohexan)-1-ene, and [1,1’-bi(cyclohexan)]-2’-ene-2,3-diol were found. (Appendix A and B). 
To date, GC-MS surface analysis has only been employed for cyclohexene, but our team 
plans to analyze and compare other hydrocarbon reacted surfaces as well. Being able to employ 
GC-MS product analysis on the reacted surfaces has allowed our team to be able to couple our 
experimental analysis with computational product analysis, providing us with a more 
comprehensive understanding of the oxidation process. Understanding the reaction mechanism of 
the hydrocarbons tested will likely enable more selective oxidation of the hydrocarbon species. 
Only one GC-MS surface analysis has been done so far, but we plan to use this method in future 
studies to compare product distributions between hydrocarbon reacted surfaces.  
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IR Analysis: Comparison between 1-Hexene and Cyclohexane  
Our infrared spectroscopy analysis has been focused on comparing the oxidation reactions 
between varying hydrocarbon structures and saturations, such as 1-hexene and cyclohexane. 
Examining the in situ reactions between the hydrocarbon species, allows our team to better 
understand product formation and the different oxidizing mechanisms for each hydrocarbon 
species.  
For 1-hexene, the in situ analysis shows immediate hydroxyl, carbonyl and epoxide 
formation (Figure 3.8). Around ~2500 cm-1 it shows some CO2 in our system due to a possible gas 
leak, but this leak has relatively no effect on the hydrocarbon oxidation process. The valleys in the 
spectra indicate reactant loss and the peaks indicate product formation. As time progresses through 
the reaction, carbon-hydrogen and carbon-carbon bonds within the 1-hexene are broken, indicating 
oxygen radicals attaching to the hydrocarbon structure, as well as the possibility of a fragmentation 
of the molecule. As time progresses through the reaction, the O(3P) radicals start to begin to 
degrade and entirely break apart the 1-hexene.  
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Cyclohexane shows a similar oxidation pattern with evidence of hydroxyl and carbonyl 
formation, as well as some epoxide formation (Figure 3.9). However, the 1-hexene oxidation 
shows a much stronger indication of epoxide formation, most likely due to the double bond. The 
O(3P) radical immediately identifies the high electron-density regions in the hydrocarbon, the 
double bond in 1-hexene. Using computational analysis of the reaction of 1-hexene and O(3P) 
radicals provided us with insight as to where the oxygen radicals attack the hydrocarbon. In 1-
hexene, there is also a stronger degradation in carbon-carbon bonds, most likely indicating a break 
in the double bond. GC-MS data for cyclohexene, has shown that the oxygen radicals often break 
 
Figure 3.8.  A time-progression of the surface reaction. Vibrational spectroscopy of the 
reaction 1-hexene and O(3P) (Oxygen pressure: 152 mTorr ). Valleys correspond to reactant 
loss and peaks indicate product formation. 
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apart the hydrocarbon structure, leading to fragmentation as well, which may be seen in 1-hexene 
and cyclohexane reactions as well.  
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Figure 3.9.  Vibrational spectral data of 1-hexene and cyclohexane in reaction with O(3P). 
Warmer colors indicate peak growth (yellow, orange, red), and cooler colors (blue) indicate 
peak degradation. 
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The vibrational spectral analysis of the reaction of O(3P) with 1-hexene and cyclohexane, 
it showed that there was much more intense oxidation in the reaction with 1-hexene than with 
cyclohexane (Figure 3.9). This increase in oxidation intensity can be seen through the greater 
intensity in IR bands. The vibrational analysis for 1-hexene shows much stronger IR signals for 
hydroxyl, carbonyl and epoxide formation. This information correlates with the higher adsorbance 
of alkenes on the alumina surface, than that of cyclohexane. When there are more reactants, there 
will be a higher proportion of products. Therefore, the more of the hydrocarbon that we have 
adsorbed onto the surface, will provide us with more sufficient product analysis data. 
Conclusion: 
 The adsorption of volatile organic compounds (VOC) onto a metal oxide (alumina oxide) 
surface prevents the VOC’s partition into gas phase, which allows for reaction of oxygen free 
radicals (O(3P)), generated via non-thermal plasmas, with the surface-bound VOC. A two-
dimensional analysis reaction chamber is used in this state-of-the-art plasma reactor system to 
selectively oxidize organic coatings on alumina surfaces, using a well-characterized oxygen 
plasma plume. Through in situ IR-spectroscopic analysis of the interactions between the O(3P) 
radicals and the organic species, rate kinetics and product analysis can be extracted for the reaction. 
Benzaldehyde was used as a control for the hydrocarbon oxidation analysis because it is a very 
easily oxidized hydrocarbon. Using other organic species like 1-hexene, cyclohexane and 
cyclohexene, our team has worked to analyze how these varying structures and hydrocarbon 
saturations affect oxidation patterns of the O(3P) radical and the hydrocarbon. Using IR-
spectroscopy, rate kinetic analysis has shown, that the oxidation, in 1-hexene, is a pseudo first-
order reaction with respect to the organic, under constant oxygen pressure. Future analyses in our 
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group will work to compare various hydrocarbon rate constants to see how they vary from structure 
to structure. Coupled with the in situ analysis, ex situ examination through GC-MS analysis of the 
surfaces has allowed our group to be able to determine possible products from the oxidation 
reactions with cyclohexane. Comparing the in situ product formation as well as theoretical 
propositions from the literature and quantum mechanically derived mechanisms, to these ex situ 
results, has allowed our team to propose multiple mechanisms of oxidation. Our group plans to 
examine more ex situ results of various hydrocarbon reacted surfaces to see how different 
structures affect product formation upon reaction with O(3P) radicals.  
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Chapter 4: Conclusion and Future Directions 
During the petroleum distillation process, many volatile and semivolatile (VC and SVHC) 
hydrocarbon byproducts are formed, which are generally long hydrocarbon chains. In order to 
reuse these byproducts for other purposes, they must initially be functionalized. From there, the 
oxidized chains can undergo other organic synthesis reactions to make desired chemicals. The 
oxidation of volatile hydrocarbons is valuable, but is fairly costly and requires extreme heat or 
light. Ordinarily, oxidation of hydrocarbons requires a metal catalysis (platinum, palladium, etc.), 
which can be very expensive. High temperatures and light sources can also be used to generate 
oxygen free radicals to react with the chains. But, these heat and light methods result in various 
photochemical side-reactions, which limit the oxidation reactions to non-photoactive and non-
volatile systems. In order to oxidize volatile hydrocarbons without the side reactions, oxygen free 
radicals need to be generated without heat or light. 
Through this work we have developed a state-of-the-art non-thermal plasma system to 
analyze the controlled oxidation reactions between oxygen radicals (O(3P)), and various volatile 
hydrocarbons (Figure 4.1). Non-thermal plasma serves as a source for the selective generation of 
oxygen free radicals by ionizing oxygen gas at low pressures and relatively low temperatures. This 
system allows for the exposure of a well-controlled and characterized oxygen plasma plume onto 
a hydrocarbon-coated non-reactive metal oxide surface. 
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The reactions are analyzed through in situ infrared (IR) spectroscopy, which is used to 
extract kinetic rate constants and determine product identity. Along with in situ analysis, ex situ 
product analysis is also employed by investigating product formation through GC-MS examination 
of the reacted surfaces. Although many different products were found through the GC-MS 
analysis, our work going forward is to find a method to selectively oxidize these hydrocarbons. 
Non-thermal plasma has shown to be an efficient and effective method of oxidizing, and now our 
work is focused on selective product formation. Coupling the experimental data with quantum 
mechanics analysis, the products and oxidation patterns are compared to examine theoretically 
proposed mechanisms of these reactions. Varying saturations and structures of the hydrocarbon 
alter how the oxygen radicals interact with the organic species.  
In future work, we are going to collect rate kinetic data on various other organic reactants, 
so that we can compare the oxidation rates of reactions between different hydrocarbons. We also 
plan on analyzing more ex situ GC-MS product data on various reacted hydrocarbon surfaces to 
compare products between the reacted hydrocarbons. Our research team also plans to eventually 
examine how hydroxyl radicals react differently with hydrocarbons, by generating hydroxyl 
radicals using hydrogen peroxide. Hydroxyl radicals are highly reactive species, which have large 
applications to atmospheric chemistry and understanding how they react with many organic 
pollutants in the troposphere. 
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Figure 4.1. Project overview of the non-thermal plasma reactor system with a selected adsorbed 
volatile or semi-volatile hydrocarbon. 1-Hexene is shown, in this overview, as an example of a 
hydrocarbon used for reaction with O(3P) radicals. 
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Appendix A 
 
Table 1. GC-MS product data analysis of a reacted cyclohexane and O(3P) surface. Product 
percentages were calculated by dividing the individual integrated peak areas by the total 
integration area. 
Product Structure Product Name Percent of Total 
 cyclohexanedione 
 
14.4% 
 cyclohexenol and 
cyclohexanone  
12.5% 
 
1,1-bi(cyclohexan)-1-ene 9.9% 
 cyclohexenone 
 
8.3% 
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cyclohexene 5.1% 
 
 
1-cyclohexen-1,2-diol 4.1% 
 [1,1’-bi(cyclohexan)]-2’-
ene-2,3-diol 
3.9% 
 hydroxycyclohexanone 3.1% 
 1,4-cyclohex-2-enedione 3.1% 
 epoxycyclohexane 2.9% 
 2,5-cyclohexadienone 2.3% 
 
 63 
 
Appendix B 
 
GC-MS scans for the evaluation of the reaction of cyclohexane with O(3P) radicals. The 
surface was mixed with methanol for GC-MS analysis and the peaks were integrated in respect of 
the total area, excluding peaks below 0.60, to analyze product percentages.  
 
A) GC-MS results for the reacted surface 
The large peak at 0.60 minutes indicates acetone present, possibly due to residual in the 
instrument. Isomers of certain products are as indicated in the scan below with their integrated 
percentages. 
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B) Cyclohexanedione: 
1) 
 
2) Isomer 
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C) Cyclohexanone: 
1) 
 
2) Isomer 
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D) Cyclohexenol: 
 
E) 1,1-bi(cyclohexan)-1-ene: 
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F) Cyclohexenone: 
1) 
 
2) Isomer 
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G) Cyclohexene: 
 
H) 1-cyclohexen-1,2-diol: 
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I) [1,1’-bi(cyclohexan)]-2’-ene-2,3-diol: 
 
J) Hydroxycyclohexanone: 
1) 
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2) Isomer 
 
K) 1,4-cyclohex-2-enedione: 
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L) Epoxycyclohexane: 
 
M) 2,5-cyclohexadienone: 
 
